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Abstract In situ hybridization histochemistry of transverse sec- 
tions from male rat kidney showed that the mRNA of the regula- 
tory enzyme of polyamine degradation, spermidine/spermine NL 
acetyitransferase, has a spotty distribution in the cortex, is low 
and diffused in the outer stripe and high and diffused in the inner 
stripe of the outer medulla. At the cellular level, this mRNA is 
solely expressed by the epithelium of the distal straight and con- 
voluted nephron tubules. Since biosynthetic ornithine decarbox- 
ylase mRNA is solely found in the proximal straight tubules, it 
is proposed that polyamine biosynthesis and degradation occur at 
separate sites along the nephron. 
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I. Introduction 
Alipathic polyamines are polycationic compounds normally 
present in all cells where they appear to affect a vast array of 
processes. Many functional roles have been proposed for poly- 
amines but only their participation i normal or pathological 
cell growth and differentiation is supported by unequivocal 
evidence [1]. 
The first step in polyamine biosynthesis is the conversion of 
ornithine to putrescine (1,4-diaminobutane) which is catalyzed 
by ornithine decarboxylase (EC 4.1.1.17, ODC), a rate control- 
ling enzyme. Transfer of one or two aminopropyl groups from 
decarboxylated S-adenosylmethionine to one or both of the 
nitrogens of putrescine l ads to formation of the two higher 
polyamines, permidine and spermine, respectively. Constitu- 
tive spermidine and spermine synthases catalyze the two trans- 
fer reactions. Decarboxylated S-adenosylmethionine is pro- 
duced by S-adenosylmethionine decarboxylase (EC 4.1.1.50), 
the second rate controlling enzyme of this biosynthetic pathway 
[11. 
Polyamine catabolism in eukaryotic cells occurs by an inter- 
conversion pathway whereby two enzymes, spermidine/sper- 
mine N -acetyltransferase (SSAT) and FAD-requiring polyam- 
ine oxidase, by acting sequentially upon spermine or spermid- 
ine, remove the aminopropyl groups, thus converting spermine 
back to spermidine, and spermidine back to putrescine. Induc- 
ible SSAT regulates this catabolic pathway. The product of 
spermidine acetylation, acetylspermidine, in addition to being 
oxidized to putrescine by polyamine oxidase, can be excreted 
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Abbreviations. ODC, L-ornithine decarboxylase: SSAT, spermidine/ 
spermine N~-acetyltransferase. 
from the cell. Putrescine can be excreted as well, or degraded 
by diamine oxidase [2,3]. 
The intracellular concentrations of polyamines are highly 
controlled by intricate, partly unique [4], mechanisms involving 
the inducible nzymes of both the biosynthetic and degradative 
pathways. In fact, both SSAT and ODC activity are finely 
regulated by changes in enzyme protein concentration, result- 
ing, in part, from changes in the abundance of their transcripts 
[1,2]. 
It has been previously reported that in the rat kidney ODC 
activity is not diffused all over the organ but localized in a 
restricted area [5]. More recently, the ODC mRNA has been 
found to be specifically associated to the epithelial cells of the 
proximal straight ubules belonging to the outer stripe of the 
outer medulla nd the medullary rays [6,7]. In the present paper 
we show that the transcript encoding catabolic SSAT is ex- 
pressed in a portion of the rat nephron which is separate from 
that expressing the transcript encoding biosynthetic ODe. This 
is a novel finding which may imply that polyamine levels un- 
dergo dramatic hanges along the nephron, suggesting a previ- 
ously unreported role(s) for these compounds inthe renal phys- 
iology. 
2. Materials and methods 
2.1. Animals 
Male Wistar ats (3 months old) from a commercial source were used. 
2.2. Enzyme assays 
ODC activity was determined as detailed elsewhere [8]. The high 
speed supernatant of cortical or medullary kidney tissue was incubated 
in a mixture containing (final concentrations) 50.0 mM Tris-HCl, pH 
7.2; 6.0 pM EDTA; 40.0 tiM pyridoxal-5'-phosphate; 0.50/tCi DL- 
[124C]ornithine (59 mCi/mmol, Amersham, UK). After 60 rain of incuba- 
tion at 37°C, the t4CO2 released was quantitated by scintillation count- 
ing. The same supernatants were used for SSAT detection. This was 
based on measurement of label incorporation from [~4C]acetyl-CoA 
into monoacetyl-spermidine. Th  assay system [9], containing 50 mM 
Tris-HC1, pH 7.8, 10.0 pM [124C]acetyl-CoA and 3.0 mM spermidine, 
was incubated 10 min at 30°C. 
2.3. In situ hybridization procedure 
The in situ hybridization procedure was essentially as detailed else- 
where for rat prostate [10]. Kidneys were rapidly dissected out and 
frozen in liquid nitrogen. Tissue sections (10 pm) were fixed in 4% 
paraformaldehyde, 0.1 PBS (0.14 M NaCI, 10 mM sodium phosphate, 
pH 7.2), acetylated with 0.25% (v/v) acetic anhydride in 0.1 M trietha- 
nolamine (pH 8.0). Consecutive s ctions of the kidney were hybridized 
with either a 35S-labded oligodeoxyribonucleotide probe for SSAT 
mRNA (5'-CTT GAT CTT CCA TGT ATT CAT ATT TAG CCA 
GTT CCT TGA TCA GTC GCA GGA TG-Y [11,12] or ODC mRNA 
(5'-GGG AAG TAC TTG TCC AGA GCT GGG TTG ATT ACA 
CTG GTG ATC TCC-3', [13]). Being the sequence ofrat SSAT mRNA 
still unknown, the SSAT oligonucleotide was taken from a region in 
which hamster [11] and mouse [12] cDNAs show complete homology. 
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Fig. 1. (A) and (B), in situ hybridization autoradiograms of transverse sections from whole rat kidney. (A) was hybridized with the SSAT mRNA 
probe, (B), adjacent to (A), with the ODC mRNA probe. (C) and (D), high power microphotographs of two fields from the cortex of sections 
hybridized with the SSAT probe, treated with photographic emulsion and counterstained. Tubules exhibiting the hybridization signal (d) are in 
close proximity of the glomeruli (g) and have the appearance of convoluted istal segments ( ee text). Magnification: ×7.5 (A) and (B); × 520 (C); 
× 750 (D). 
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The probes were radiolabeled atthe 3"-end with [c~-~S]dATP lAmer- 
sham, Bucks, UK) using the enzyme TDT tBoehringer, Mannheim, 
Germany). Each section was covered with the hybridization buffer [10] 
containing about 20 fmol ~SS-labeled probe, washed at 42°C for 1 h with 
2 x standard saline citrate solution (SSC) and for 1 h at room temper- 
ature in 1 x SSC [10]. After dipping into ice-cold water, slides were 
dried and exposed to film (Amersham, Hyperfilm-~H) which was devel- 
oped 3 days later. 
Slides for photographic emulsion were coated with Ilford K5 emul- 
sion, exposed for 40-50 days, developed and stained with haematox- 
ylin-eosin. 
The specificity of hybridization was tested by searching first for 
possible homology with other known sequences in the Genbank/EMBL 
databases; then, by hybridizing kidney sections with (a) oligodeoxyribo- 
nucleotides of unrelated sequence but with a length and GC content 
equal to that of SSAT or ODC probe, which gave no specific signal: 
(b) a second oligodeoxynucleotide against another portion of SSAT or 
ODC mRNA, which gave the same pattern of specific signal. 
3. Results 
In order to understand whether or not the enzyme ofpolyam- 
ine degradation, SSAT, localizes in the same region of the rat 
kidney where the biosynthetic ODC has been found [5-7], por- 
tions of the cortical and medullary regions of this organ were 
carefully separated and assayed both for ODC and SSAT activ- 
ities. Table 1 shows that the medullary ODC activity was al- 
most 30-fold higher than the cortical one. which is a much 
greater difference than reported previously by others [5], prob- 
ably due to the fact that in these experiments, the whole medul- 
lary tissue was assayed, while in ours, the outer portion of the 
medulla, where ODC transcript accumulates ( ee below), was 
assayed. 
Contrary to ODC, the SSAT activity was higher in the cortex 
than in the medulla. The difference in SSAT activity between 
the two portions of the kidney is probably much higher than 
shown here. In fact, due to non-enzymatic acetylation ofamines 
and other enzyme activities forming acetylated polyamines, the 
amplitude of changes in SSAT activity, assayed by the standard 
systems (see section 2), are underestimated [2]. 
The latter results prompted us to investigate the relative 
distribution of the transcripts of the two enzymes within the rat 
kidney. Fig. IA shows the autoradiographic image of a trans- 
verse section from an adult male rat kidney, hybridized with 
35S-labeled antisense SSAT oligonucleotide. It appears clearly 
that the SSAT transcript isdifferently distributed in the various 
areas of the section (see scheme of Fig. 2). In the region appar- 
ently corresponding to the renal cortex, the hybridization signal 
is focally localized, at high levels, in many small spots. In the 
adjoining region, spots are no more present and the signal is 
weak and diffuse. In the inner portion of the kidney it is still 
diffuse but very intense. 
Sections adjacent o those tested for SSAT mRNA were 
hybridized with the ODC antisense [~S]oligonucleotide. Fig 1B 
shows that the ODC mRNA is exclusively localized in a region 
adjoining the cortex that includes tructures recalling the me- 
dullary rays. This characteristic distribution of the ODC tran- 
script is identical to that previously reported by others [6,7]. By 
photographic emulsion and counterstaining procedure these 
authors howed that the ODC probe hybridizes to the epithelial 
cells of proximal straight ubules (Fig. 2). In similar experi- 
ments, not shown here. we obtained evidence for the same 
cellular localization. Since these nephron segments are solely 
comprised within the outer stripe of the outer medulla nd the 
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Fig. 2. Schematic representation of the regions in which the kidney can 
be morphologically and functionally divided [12]. Proximal (A) and 
distal (B) convoluted tubule; proximal (C) and distal (D) straight tu- 
bule; Henle's loop descending limb (E); collecting duct (F). Segments 
(B) and (D) express SSAT mRNA, segments (C), ODC mRNA. 
medullary rays (Fig. 2), these are the regions outlined by the 
ODC signal in Fig. lB. Under our conditions, this area is 
perfectly superimposable to that expressing low levels of the 
SSAT transcript (Fig. 1A). Thus the area of the section where 
the SSAT mRNA is low and diffuse essentially corresponds to 
the outer stripe of the outer medulla nd, possibly, the medul- 
lary rays (although the SSAT signal does not allow to identify 
clearly this structure); the area, adjoining the latter, where the 
transcript is high and diffuse, is the inner stripe of the outer 
medulla; the area where it is focally expressed is the cortex; the 
innermost region, where the signal is undetectable, is the inner 
medulla (Fig. I A and Fig. 2). 
The cellular localization of the SSAT hybridization signal in 
the cortex was studied by the photographic emulsion and coun- 
terstaining procedure. The microphotographs of Fig. 1C,D 
show that the SSAT probe hybridizes to the epithelial cells of 
tubules grouped at the vascular pole of the glomeruli. Their 
location, relatively low number (the distal convoluted tubule is 
shorter than the proximal counterpart), irregular shape, apical 
position of the nuclei n most of their columnar epithelial cells, 
are good evidence that they represent the convoluted parts of 
distal tubules. 
Although, by the same method, it appeared that also in the 
outer medulla (inner and outer stripe, Fig. 2) the SSAT tran- 
script localized within the tubular epithelium (not shown), it 
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Table 1 
ODC and SSAT activities in the cortical and medullary portions of the 
rat kidney 
ODC 
(pmol ~4CO2/h/mg protein*) 
SSAT 
(pmol N~-AcSPD**/h/mg protein*) 
Cortex Medulla Cortex Medulla 
24 + 3.8 620 _+ 89 532 _+ 123 344 + 66 
*Mean + standard eviation from duplicate determinations of 3 5 
experiments. 
**N ~-Acetylspermidine. 
could not be established unequivocally which segment(s) of the 
nephron was involved. However, by examining the distribution 
pattern of the SSAT mRNA in the different zones of the section 
(Fig. IA) and the portions of the tubules pecifically comprised 
in each zone (Fig. 2), it can be concluded that the SSAT mRNA 
signal detected in the outer medulla is most likely associated to 
the distal straight ubule rather than to the other segments. In 
fact, the distal straight ubule is present in all regions exhibiting 
the SSAT hybridization signal and absent where the signal is 
undetectable (inner medulla, Fig. 1A and Fig. 2), whereas the 
proximal straight ubule ends at the transition from the outer 
to the inner stripe (where the SSAT signal abruptly increases) 
and both the descending limb of the Henle's loop and the 
collecting duct extend into the inner medulla (Fig. 2), which 
does not express detectable SSAT mRNA (Fig. I At. 
The intensification of the signal occurring on transition from 
the outer to the inner stripe of the outer medulla might result 
from higher levels of the transcript being expressed in the por- 
tion of the distal tubule traversing the inner stripe. As a matter 
of fact, this segment exhibits morpho-functional features distin- 
guishing it from the outer stripe segment. 
4. Discussion 
Detection of ODC and SSAT activities in separate portions 
of the rat kidney, grossly corresponding to the cortex and the 
outer stripe of the outer medulla, suggested that the first regu- 
latory enzyme of polyamine biosynthesis and that of their degra- 
dation have a distinct localization within this organ. In situ 
hybridization experiments showed that the ODC and SSAT 
transcripts are specifically associated to the straight portion of 
the proximal tubules and straight and convoluted portions of 
the distal tubules, respectively. Polyamines eem, therefore, to 
undergo separate metabolic fates in the various segments in 
which the nephron of the rat kidney can be morphologically 
and functionally divided [14]. 
The following picture can thus be tentatively postulated. In 
the cells of the renal corpuscule and proximal convoluted tu- 
bule, where the hybridization signal for both ODC and SSAT 
mRNAs is undetectable, the metabolism of polyamines would 
be scarcely active; in the straight part of the proximal tubule, 
polyamine biosynthesis would be markedly active; in the cells 
of the distal straight and convoluted tubules polyamines, possi- 
bly released from the cells of the former segment into the 
tubular fluid, would be actively degraded. 
Being polycationic ompounds that can be rapidly syn- 
thesised and disposed off by the cell, free polyamines may 
participate in establishing the correct balance of charges be- 
tween the compartments of the nephron that are involved in the 
transport of charged chemical species. The different metabolic 
fate of polyamines along the nephron may be related to the 
different roles played by the successive segments in this secre- 
tory/reabsorption activity. 
Experiments are in progress to find evidence for this possible 
relationship. 
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